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Previewstwo activities is critically regulated by
p38a-mediated phosphorylation, which
activates myogenic genes and simulta-
neously suppresses expression of Pax7
(Figure 1B), resulting in a transition to a
differentiated state. EZH2 levels are
rapidly downregulated during muscle
differentiation (Caretti et al., 2004), so
that enhanced recruitment to certain pro-
moters after phosphorylation may be
important to enable its function. Appar-
ently, the YY1/EZH2 complex is ‘‘re-posi-
tioned’’ from genes that need to be
repressed in stem cells to genes that
need to be repressed in differentiated
cells. Precise timing would be crucial for
this system to work, which raises the
question of what mechanisms mediate
the temporal coordination of these
processes. Furthermore, the depletion of
EZH2 in differentiated myocytes leaves
open the issue how PAX7 repression is
maintained at later stages, given that424 Cell Stem Cell 7, October 8, 2010 ª2010Pax7 gene activity remains off in myonu-
clei, which are devoid of EZH2.
Detailed insight into the signaling path-
ways that control chromatin repression
and activation of crucial muscle control
genes provides new opportunities for
therapeutic manipulation of stem cell
behavior and tissue regeneration. The
pharmacological inhibition of p38a and
EZH2, which seems to promote satellite
cell expansion as demonstrated by Pala-
cios et al. (2010), are examples of such
a strategy.REFERENCES
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To control cell-type specific gene expression, transcription factors bound at distant enhancer sites need to
come into the vicinity of promoters. In a recentNature article, Kagey et al. (2010) provide evidence that Medi-
ator and Cohesin protein complexes cooperate in the formation of enhancer-promoter DNA loops.Regulation of cell-type specific gene
expression frequently involves the binding
of particular transcription factors to
enhancer sites far away from the target
promoter. In order to stimulate transcrip-
tion, the enhancer-bound activators and
the core transcription machinery bound
to the promoter site need to be brought
together, presumably through looping of
the DNA region between them. The devel-
opment of the chromosome conformation
capture (3C) technology as a method to
study the 3D arrangement of chromatin
fibers (Dekker et al., 2002) provided
evidence for the existence of such loops,
yet the molecular basis for their formation
remains unclear.It was initially believed that eukaryotic
activators or repressors interact directly
with RNA polymerase II (pol II) and the
general transcription factors at pro-
moters, in a similar manner as their prok-
aryotic counterparts. The discovery that
a coactivator complex named Mediator
was required for the activator-dependent
stimulation of pol II transcription (re-
viewed by Kornberg, 2005) suggested
that an intermediary factor had evolved
in eukaryotes, which transduces the
signals from multiple transcription factors
to the pol II holoenzyme. Because the
Mediator complex bridges enhancer-
bound transcription factors and prom-
oter-bound pol II, it is an obvious candi-date for bringing about DNA looping.
However, it was not immediately obvious
how a gigantic multi-subunit (26 compo-
nents in humans) complex that undergoes
flexible structural changes could sustain
the stable connection between two
distant chromosome sites in order to
form a loop.
Two recent studies brought a new
player into the game thatmight be respon-
sible for fastening such DNA loops. Both
studies independently revealed a link
between Mediator and Cohesin—the
chromosomal protein complex respon-
sible for sister chromatid cohesion. In a
screenaimedat identifyinggenes required
tomaintain expression of the transcription
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Figure 1. Models for Cohesin’s Function in Sister Chromatid Cohesion or Mediator- and CTCF-Dependent Chromatin Loop Formation
(A) Cohesin forms a large ring structure that is thought to hold sister chromatids together by entrapping them within a single ring (depicted) or multiple intercon-
nected rings (not shown).
(B) TheMediator complex bridges transcription factors (TFs) bound to distant enhancer sites to RNA polymerase II (pol II) and general transcription factors (GTFs)
bound to promoter sites. This interaction is thought to organize chromatin into loop structures, which might be stabilized by Cohesin.
(C) Cohesin and CTCF bound to CCCTC sites may organize the intervening chromatin into loops, which could alter the access of enhancer-bound TFs to the
promoter. Note that Cohesion’s role in the control of gene expression is probably more complex than depicted in the simplified models.
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Previewsfactor Oct4 in murine embryonic stem
cells (ESCs), Young and colleagues
discovered that knockdown of genes en-
coding subunits of Mediator or Cohesin
downregulate the levels of Oct4 and other
pluripotency transcription factors and up-
regulate transcription factors specific for
cell differentiation (Kagey et al., 2010).
Analysis of the chromosomal binding sites
of Mediator and Cohesin by chromatin
immunoprecipitation followed by parallel
sequencing (ChIP-seq) revealed that
both complexes colocalize at enhancer
and promoter regions of genes that are
actively transcribed in ESCs, including
Oct4 and Nanog. These findings raise the
intriguing possibility that Mediator and
Cohesin cooperate in bridging enhancer
and promoter sites by stabilizing the
formation of DNA loops. Consistent with
this notion, 3C experiments suggest that
the promoters of the Oct4 and Nanog
genes are in close proximity to enhancer
sites2–4 kbaway inESCsbut not inmurine
embryonic fibroblasts (MEFs), in which
these genes are transcriptionally silent
and not bound by Cohesin or Mediator.
An independent link between Cohesin
and Mediator was made when subunits
of the Cohesin complex and its chromo-
somal loading factor Nipbl were found
associated with Mediator and its activator
protein SREBP-1 in HeLa cell nuclear
extracts (Ebmeier and Taatjes, 2010).
Consistent with a physical interaction
between the two complexes, the Cohesinsubunit Smc3 and Nipbl also copurify with
Mediator from ESC nuclear extracts (Ka-
gey et al., 2010).
What could Cohesin’s role be at
enhancer-promoter junctions? The Cohe-
sin complex is composed of four core
subunits, three of which associate in
a large ring-shaped arrangement. An acc-
umulating body of evidence suggests that
Cohesin holds together sister chromatids
(the two copies of a chromosome gener-
ated by DNA replication) until their segre-
gation during mitosis by entrapping them
inside its ring structure (reviewed in Nas-
myth and Haering, 2009; Figure 1A). The
same topological entrapment principle
may be employed by Cohesin to lock
together enhancer and promoter regions
of a single (unreplicated) chromatid once
they are brought into proximity by their
simultaneous binding to activator/Medi-
ator/pol II (Figure 1B). Consistent with
the idea that Cohesin is important for
stable DNA loop formation, the frequency
of linkage between enhancer and
promoter sites of the Nanog gene in 3C
experiments was reduced upon Cohesin
knockdown (Kagey et al., 2010).
Cohesin has been implicated previously
in the regulation of gene expression by
contributing toDNA loop formation. Earlier
ChIP experiments found that Cohesin
frequently localizes to sites of the
CCCTC-binding factor (CTCF) in differen-
tiated cells (reviewed by Wendt and
Peters, 2009). CTCF associates with tran-Cell Stem Cellscriptional insulator elements between
promoters and distant enhancers and is
thought to prevent promoter-enhancer
associations by constraining chromatin
into loops (Figure 1C). Consistent with
a role for Cohesin in CTCF-dependent
DNA loop formation, reduction of Cohesin
levels decreases the frequency of interac-
tion between distant CTCF sites in 3C
experiments and alters target gene
expression at model loci (reviewed by
Bose and Gerton, 2010). Cohesin may
therefore stabilize loops that have been
initiated by the bridging of two chromo-
some regions either via Mediator or
CTCF. Such loops would support
enhancer-promoter interactions in the
former case but may frequently serve to
antagonize these interactions in the latter.
Although the largest fraction of Cohesin
binding sites identified by ChIP in ma-
mmals overlaps with sites of CTCF
binding regardless of cell type, the Cohe-
sin sites that are CTCF independent vary
significantly between different cell lines.
In addition to the differences in Cohesin
binding profiles in ESCs and MEFs, for
example, Cohesin co-occupies binding
sites of the estrogen receptor alpha
specifically in human breast cancer cells
and sites of the liver-specific transcription
factors HNF4A and CEBPA specifically in
hepatocellular carcinoma cells (Schmidt
et al., 2010). These findings suggest that
the binding of master transcriptional regu-
lators to enhancers induces the formation7, October 8, 2010 ª2010 Elsevier Inc. 425
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specific gene expression responses. It
remains to be tested whether the differ-
ences in Cohesin localization are not
only observed between different cultured
cell lines but also upon lineage-specific
differentiation of cells that originate from
acommonancestor, suchasamultipotent
tissue stem cell. Interestingly, a large
number of Cohesin sites (10,000) coloc-
alize neither with Mediator nor CTCF in
ESCs (Kagey et al., 2010). It is intriguing
to speculate that Cohesin may associate
with as yet undiscovered partners at
these loci.
If Mediator and Cohesin were important
for the global control of tissue-specific
transcription, one would expect that their
dysregulation should have severe conse-
quences on gene expression patterns. It
is not surprising from this perspective
that both complexes have been linked to426 Cell Stem Cell 7, October 8, 2010 ª2010various developmental disorders in hu-
mans. Whereas mutations in the Mediator
subunit Med12 have been associated
with the mental retardation disorders FG
or Lujan syndromes and an increased
risk of schizophrenia, approximately half
of the cases of Cornelia de Lange
syndrome have been attributed to muta-
tions in the Cohesin loading factor Nipbl
or Cohesin subunits Smc1 or Smc3
(reviewed in Bose and Gerton, 2010).
The discovery that Mediator and Cohesin
cooperate to organize the interphase
genome into loops may unveil the molec-
ular mechanism behind these disorders.
Precisely how the two protein complexes
contribute to loop formation and whether
they can sustain long-range chromosome
interactions between enhancers and
promoters that are hundreds of kilobase
pairs apart will be important questions
for the future.Elsevier Inc.REFERENCES
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